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Highlights:  
 Adult rat social isolation leads to anxiety-like behaviour 
 Adult rat social isolation impairs Working Memory processes. 
 Less c-Fos learning-related activity is observed in adult socially isolated rats. 
 Metabolic brain activity is disrupted in adult socially isolated rats 
 
 
 
 
ABSTRACT 
Social isolation during adulthood is a frequent problem that leads to a large variety of adverse 
emotional and cognitive effects. However, most of the social isolation rodent procedures begin 
the separation early post-weaning. This work explores locomotor activity, anxiety-like 
behaviour, and spatial working memory after twelve weeks of adult social isolation. In order to 
study the functional contribution of selected brain areas following a working memory task, we 
assessed neuronal metabolic activity through quantitative cytochrome oxidase histochemistry 
and c-Fos immunohistochemistry. Behaviourally, we found that isolated animals (IS) showed 
anxiety-like behaviour and worse working memory than controls, whereas motor functions were 
preserved. Moreover, IS rats showed lower levels of learning-related c-Fos immunoreactivity, 
compared to controls, in the medial prefrontal cortex (mPFC), ventral tegmental area (VTA), 
and nucleus accumbens shell. In addition, the IS group showed lower neuronal metabolic 
activity in the mPFC, VTA, and CA1 subfield of the hippocampus. These results indicate that 
twelve weeks of social isolation in adult rats leads to different behavioural and brain alterations, 
and they highlight the importance of social support, not only in development, but also in 
adulthood. 
Key words: social isolation; adulthood; anxiety; spatial working memory; c-Fos; 
cytochrome c oxidase. 
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1. INTRODUCTION  
Social psychology and behavioural neuroscience have extensively demonstrated the 
relevance of social interactions in guaranteeing the well-being of most species [1]. People are 
inherently social animals, and so a lack of social experiences constitutes severe deprivation and 
causes a variety of negative effects [2].  
Social isolation and loneliness are common problems in today’s society. Social isolation 
refers to the absence or weakness of the social network, and loneliness is defined as an 
unpleasant lack or low quality of certain relationships, considered to be a subjective experience 
of isolation [3]. Unfortunately, both are highly prevalent. Data report that only 22% of the 
population declare that they never feel lonely, 11% recognize feeling lonely often, and 42% 
have felt depressed because of feeling alone [3]. More specifically, 25% of adults aged 52 and 
over report being lonely sometimes, and  9% most or all of the time [4].  
Social disconnection is considered a risk factor for some health problems, such as 
adopting sedentary lifestyles [5] or an increase in psychological disorders [6]. In social 
mammals, isolation is a potent stressor that can provoke negative effects on maintaining 
homeostasis, leading to disruptions in neuro-immuno-endocrine communication [7]. The 
hypothalamic–pituitary–adrenocortical (HPA) axis is sensitive to social alterations, and periods 
of social defeat can produce increased sympathetic tone and activation of the HPA axis [8]. 
Moreover, decreased inflammatory control and immunity have been related to social isolation 
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[9], as well as reduced levels of protective hormones, causing downregulations of the immune 
system [10]. 
Furthermore, social disconnection may be associated with poor cognitive functioning in 
later life [11]. Reduced frequency/quality of social contacts or closed interactions can lead to 
impairments in global cognitive function [12,13], executive function [14], episodic memory 
[15,16], and working memory (WM) [17]. Although a good social lifestyle has been found to 
protect against decline in some cognitive domains, its function is not totally clear [18]. 
Post-weaning isolation rearing is the common animal procedure used to explore the 
effects of social isolation in rodents. It involves isolation of the animals with no handling, 
starting at a very early stage (postnatal day 20–28) for an extended period of several months 
[19]. This isolation procedure has been shown to cause a wide range of behavioural, 
physiological, and molecular abnormalities [20,21]. However, it is unlikely to properly emulate 
the effects of reduced social interactions experienced by adult people. Some studies have shown 
that acute social isolation of adult rodents impairs specific types of behaviours, such as anxiety 
[22,23] and depressive-like behaviour [23] or social recognition memory [24].   
Although social isolation in experimental animals has led to emotional and 
cognitive impairments [9,20,23–25], little research has focused on the cerebral 
correlates underlying these deficits. Moreover, relatively few studies have investigated 
the effect of social isolation in adult rats.  
Here, we investigate temporary isolation in adulthood, assessing its behavioural 
consequences and brain function correlates. Behaviourally, we explore motor function, 
anxiety-like behaviour, and spatial WM. The latter, described as a system that provides 
temporary active maintenance of information [26], refers to the spatial information the 
animal needs to remember in order to perform successfully in a single trial and then 
actively forget it to avoid interference [27]. Regarding brain function, our aim is to 
assess neuronal metabolic activity through quantitative cytochrome c-oxidase (CO) 
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histochemistry, a reliable marker of neuronal energy demand [28] that can be used to 
map regional changes in brain activity related to spatial memory tasks [29]. Several 
brain regions support spatial WM. Some of them are the prefrontal cortex, the 
hippocampus, the striatum, and the ventral tegmental area, among others [30]. 
Traditionally, the prefrontal cortex,  mainly the prelimbic (PL) and infralimbic (IL) 
subregions, is involved in WM [31] and connected to the hippocampus [32]. This is  an 
essential brain region in spatial processing [33], and it is also involved in short-term and 
intermediate-term memory for space [34]. In addition to neuronal metabolic activity, we 
also aim to assess immediate early gene (IEG) expression in the key regions related to 
spatial WM. For this reason, we immunostained the c-Fos protein, the c-Fos-encoded 
protein, which is the product of the c-fos oncogene, an IEG whose expression is 
indicative of a change in neuronal activity and induced after some kinds of learning 
[35]. c-Fos can provide information about the neuronal plasticity required for spatial 
memory processes in discrete brain areas [36].  
2. MATERIAL AND METHODS  
2.1. Animals 
A total of 16 young male (3 months old) Wistar rats (Rattus norvegicus) were used from 
the vivarium of the University of Oviedo. All the animals had ad libitum access to food and tap 
water, and they were maintained at constant room temperature (20-22ºC), with a relative 
humidity of 65-70% and a 12-hour artificial light-dark cycle (08:00-20:00/20:00-08:00 h). The 
procedures and manipulation of the animals used in this study were carried out according to the 
European Communities Council Directive 2010/63/UE and the Spanish legislation on the care 
and use of animals for experimentation (RD 53/2013), and the study was approved by the local 
committee for animal studies (University of Oviedo). 
2.2. Experimental procedure 
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Initially, we randomly separated the animals into two groups. The experimental group, 
socially isolated (IS) (n=8), was composed of rats that remained grouped (4 per cage) 
(56x33x20 cm) until 3 months of age, when then they were then placed in individual cages 
(23x23x15 cm) for 12 weeks. After this period, we placed the animals in groups of 4 rats per 
cage (56x33x20 cm), and tests started two weeks later. The control group (C) (n=8) consisted of 
rats that remained grouped (4 per cage) in their home box (56x33x20 cm) and were housed in 
the same place for the same time period as the experimental group. Eight animals per group 
were used for the behavioural assessment and COx histochemistry, whereas 6 animals per group 
were randomly selected for c-Fos immunohistochemistry, based on previous literature [37]. 
Both experimental groups were handled weekly to perform the cleaning of the cages. 
2.3. Determination of motor functions: Rotarod-accelerod test  
We used the accelerating rotarod for rats 7750 by Ugo Basile (63x50x49 cm) (Ugo 
Basile Biological Research Apparatus, Italy). The rotarod had a 6 cm diameter, and the rod was 
elevated 40 cm above the floor. This motor performance test consists of a motor-driven rotating 
rod that enables us to assess motor coordination and resistance to fatigue [38]. The rat’s body 
was placed perpendicular to the rotating axis, with its head against the direction of the rotation; 
therefore, the animal had to move forward in order to stay on the rod. The procedure followed 
has two parts. In the first part, we placed the animals in the apparatus, and we maintained the 
speed constant at 2 rpm for 60s. In the second part, we evaluated the rats for 5 minutes in the 
accelerod test session, where the rotation rate increases constantly until reaching 20 rpm. We 
recorded the latency to falling off the rod and the rotation speed. We cleaned the apparatus 
thoroughly between sessions. 
2.4. Assessment of anxiety: Elevated plus maze 
The elevated plus maze (EPM) is based on rodents’ preference for small, dark, closed 
spaces and their tendency to avoid open well-lit spaces above the floor level of a room. 
Therefore, the open and closed arms of the apparatus produce an exploratory behaviour where 
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avoidance of the open arms is an index of the animals’ anxiety [39]. Our maze (Panlab, 
Barcelona, Spain) consisted of four arms 45 cm long and 10 cm wide, two of which contained 
walls 50 cm high, situated in the centre of a well-lit room (two halogen lamps of 4000 lux) at 70 
cm from the floor. A video camera (Sony V88E) and the EthoVision Pro programme (Noldus 
information Technologies, Wageningen, The Netherlands) recorded the animal’s behaviour in 
the elevated plus maze. We always placed the animals at the end of one of the open arms, and 
we recorded the exploratory behaviour in a single 5-minute assay. We recorded the time of 
permanence and number of entries in the open and closed arms.  
2.5. Evaluation of spatial working memory  
2.5.1. Apparatus 
Spatial WM was evaluated in the circular pool designed by Morris [40], also called the 
Morris Water Maze (MWM). The MWM was made of fiberglass and measured 150 cm in 
diameter with a wall 40 cm high. The water level was 30 cm, and its temperature was 22 ± 1 ºC. 
The platform used corresponded to a cylinder 10 cm in diameter and 28 cm high, of which 2 cm 
were below the surface of the water. The MWM was in the centre of a 16 m2 lit room (two 
halogen lamps of 4000 lux) and surrounded by black panels on which the spatial clues were 
placed. These clues were yellow and consisted of a horizontal line measuring 22 x 76 cm, a 20 x 
83 cm vertical line, and a 50 x 50 cm square rotated 45º. Four imaginary quadrants (quadrants 
A, B, C, and D) divided the pool. A video camera (Sony V88E) connected to a computer 
recorded the behaviour of the animal in the MWM. Each trial was analysed using a 
computerized video-tracking system (Ethovision Pro, Noldus information Technologies, 
Wageningen, The Netherlands). 
2.5.2. Habituation 
The same experimenter handled the animals daily for 3 days. In order to habituate animals to the 
testing contingencies of the MWM, they performed 3 trials in a small square water tank 
(47x75x38 cm). We used a platform located in different starting positions in these trials.  
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2.5.3. Spatial working memory task 
The WM test consisted of a paired sample task. The task involved four sessions carried 
out on four consecutive days. Each session consisted of two trials (sample and retention). 
During both trials, we hid the platform 2 cm below the level of the water. The sample trial 
consisted of releasing the animal from one of the four starting points in the pool and letting it 
swim until it reached the hidden platform, or until 60 s had elapsed. If the animal had not 
reached the hidden platform in this time, it was placed on the platform and kept there for 15 s. 
Then, we removed the animal from the maze, and the retention trial started after 5 s. The task 
requires recalling the position occupied by the platform during the sample trial. The locations of 
the start positions and the platform were the same during one session, but varied on the different 
days (the location was pseudo-randomly assigned, so that the platform did not occupy the same 
place as on the previous three days). We recorded latency to reach the platform on each day, and 
we calculated the mean latency in the sample and retention trials for each animal, grouping the 
four sessions carried out.  
2.6. Sacrifice and Brain Processing 
Ninety minutes after the end of the WM task, the animals were decapitated, and their 
brains were removed intact, frozen rapidly in isopentane (Sigma-Aldrich, Germany), and stored 
at -40 ºC. We coronally (30 µm) sectioned the brain at -20 ºC in a cryostat (Leica CM1900, 
Germany). We mounted the sections on gelatinized slides for c-Fos immunohistochemical 
analysis and on non-gelatinized slides for cytochrome oxidase histochemistry. We anatomically 
defined the regions of interest according to Paxinos and Watson’s atlas [41]. The regions of 
interest and their distances in mm counted from bregma were: +3.24 mm for the infralimbic 
cortex (IL) and prelimbic cortex (PL); +1.92 mm for the accumbens core (ACC) and accumbens 
shell (ACS); −3.24 mm for the CA1, CA3, and the dentate gyrus (DG) subfields of the dorsal 
hippocampus; and −4.92 mm for the ventral tegmental area (VTA). 
2.7. c-Fos immunohistochemical analysis  
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The slides containing the sections of the IS group (n=6) and the C group (n=6) were 
post-fixed in buffered 4% paraformaldehyde (0.1 M, pH 7.4) for 30 min and rinsed in 
phosphate-buffered saline (0.01M, pH 7.4). They were incubated for 15 min with 3% hydrogen 
peroxidase in PBS to remove endogenous peroxidase activity and washed twice in PBS. After 
blocking with PBS-T solution containing 10% Triton X-100 (Sigma, USA) and 3% bovine 
serum albumin for 30 min, the sections were incubated with a rabbit polyclonal anti-c-Fos 
antibody solution (1:10000) (Santa Cruz Biotech, USA) diluted in PBS-T for 24 h at 4ºC in a 
humid chamber. After that, slides were washed 3 times with PBS and incubated in a goat anti-
rabbit biotinylated IgG secondary antibody (Pierce, USA; diluted 1:200 in incubating solution) 
for 2 h at room temperature. They were washed 3 times in PBS and reacted with avidin-biotin 
peroxidase complex (Vectastain ABC Ultrasensitive Elite Kit, Pierce) for 1 hour. After 2 
washes in PBS, the reaction was visualized, treating the sections for about 3 min in a 
commercial nickel-cobalt-intensified diaminobenzidine kit (Pierce). The reaction was 
terminated by washing the sections twice in PBS. Finally, the slides were dehydrated through a 
series of graded alcohols, cleared with xylene, and cover-slipped with Entellan (Merck, USA) 
for microscopic observation. All immunohistochemistry procedures included sections that 
served as controls where we did not add the primary antibody. We coded the slides, so that the 
investigator who performed the entire analysis had no knowledge of the treatment of the 
individual subjects. 
2.8. Quantification of c-Fos 
We quantified the number of c-Fos positive nuclei in two alternate sections 30 μm apart. 
We performed the quantification by systematically sampling each of the regions selected using 
counting frames superimposed over the region. The sizes of the counting frames were 0.0576 
mm2 for PL and IL, 0.0648 mm2 for ACC, 0.0576 mm2 for ACS, 0.0864 mm2 for CA1, 0.0648 
mm2 for CA3, 0.0324 mm2 for DG, and 0.0144 mm2 for VTA.  The total area sampled by these 
frames per region and the percentage sampled with respect to the total mean area of the regions 
in the two sections selected were: 0.2304 mm2 in PL (15%), 0.1728 mm2 in IL (15%), 0.2592 
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mm2 in ACC (24%), 0.1728 mm2 in ACS (19%), 0.3456 mm2 in CA1 (25%), 0.2592 mm2 in 
CA3 (23%), 0.1296 mm2 in DG (15%), and 0.0576 mm2 in VTA (15%). We counted the c-Fos 
positive nuclei using a microscope (Leica DFC490, Germany) coupled to a computer with 
Leica’s software installed (Leica application suite, Germany). We defined c-Fos positive nuclei 
based on homogenous grey-black stained elements with a well-defined border. Finally, we 
calculated the c-Fos positive nuclei per mm2 for each brain area.  
2.9. Cytochrome c-oxidase histochemistry 
We processed section slides with quantitative COx histochemistry, as described by 
González-Lima and Cada (1994). To quantify enzymatic activity and control the staining 
variability across different baths, sets of tissue homogenate standards from the Wistar rat brains 
were cut at different thicknesses (10, 30, 40 and 60 μm) and included with each bath of slides. 
The sections and standards were incubated for 5 min in 0.1 phosphate buffer with 10% (w/v) 
sucrose and 0.5 (v/v) glutaraldehyde, pH 7.6. After that, baths of 0.1 M phosphate buffer with 
sucrose were given for 5 min each. Subsequently, 0.05 M Tris buffer, pH 7.6, with 275 mg/l 
cobalt chloride, sucrose, and 0.5 (v/v) dimethylsulfoxide was applied for 10 min. Then, sections 
and standards were incubated in a solution with 0.0075% cytochrome-c (w/v), 0.002% catalase 
(w/v), 5% sucrose (w/v), 0.25% dimethylsulfoxide (v/v), and 0.05% diaminobenzidine 
tetrahydrochloride (Sigma-Aldrich, Madrid, Spain), in 0.1 M phosphate buffer, at 37°C for 1 h. 
The reaction was stopped by fixing the tissue in buffered 4% (v/v) formalin for 30 min at room 
temperature. Finally, the slides were dehydrated, cleared with xylene, and cover-slipped with 
Entellan (Merck, Germany). 
2.10. COx optical density quantification 
Quantification of COx histochemical staining intensity was done by densitometric 
analysis, using a computer-assisted image analysis workstation (MCID, Interfocus Imaging 
Ltd., Linton, England) made up of a high precision illuminator, a digital camera, and a computer 
with specific image analysis software. The mean optical density (OD) of each region was 
AC
CE
PT
ED
 M
AN
US
CR
IPT
measured on bilateral structures, using three consecutive sections in each subject (IS n=8; C 
n=8). In each section, four non-overlapping readings were taken, using a square-shaped 
sampling window that was adjusted for each region size. An investigator who was blind to the 
groups took a total of twelve measurements per region. These measurements were averaged to 
obtain one mean per region for each animal. Then, we converted OD values to COx activity 
units, determined by the enzymatic activity of the standards measured spectrophotometrically 
[28].   
2.11. Data analysis  
We analysed all the data with the Sigma-Stat 12.0 program (Systat, Richmond, USA). 
The results were considered statistically significant if p<0.05. We used a Shapiro-Wilk test to 
test the normality assumption (p>0.05). When the data fit a normal distribution, we used 
parametric tests. Otherwise, we used non parametric tests. We used the SigmaPlot 12.0 software 
program (SPSS Inc. and IBM Company, USA) for the graphic representation of the results. We 
presented data as mean+SEM. 
2.11.1. Motor function 
For the evaluation of the motor function on the rotarod-accelerod test, data (time on the 
roller and rotation speed) were analysed using T-tests for independent samples to examine 
differences between groups. 
2.11.2. Anxiety 
Anxiety level was explored in the elevated plus maze (time in open and closed arms, 
total entrances, and entrances in open and closed arms). Data were analysed using T-tests for 
independent samples to determine differences between groups for each variable. 
2.11.3. Spatial working memory task 
The learning criteria were determined by comparing the escape latencies during the 
sample trial with the retention latencies during the retention trial. Differences between escape 
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latencies in the sample and retention trials within the same group (C or IS) were compared with 
a paired T-test. Additionally, the mean latency to reach the platform was calculated for the 
sample and retention trials, grouping all sessions, and a T-test for independent samples was used 
to compare the trials within the same group. Finally, for between-group comparisons, a T-test 
for independent samples was used to examine if there were statistically significant differences 
between the sample and retention trials in each session of the task.  
2.11.4. c-Fos data 
The results obtained through c-Fos quantification were expressed as the number of c-
Fos positive cells/mm2 and analysed as follows: T-tests for independent samples were used to 
assess whether the number of c-Fos positive nuclei was different between the two behavioural 
groups in each brain region.  
2.11.5. COx activity 
T-tests for independent samples were used for statistical comparison of CO activity 
values between groups in each region of interest.  
3. RESULTS 
3.1. Behavioural results 
3.1.1. Motor functions 
The isolated animals do not differ from the controls in the time spent on the roller at 
accelerated speed. There are no statistically significant differences between C and IS groups in 
time spent on the roll (t14=-0.067, p=0.995) (see Fig. 1A). Moreover, control and isolated 
animals achieved the same revolutions per minute (t14=-0.101, p=0.921) (see Fig. 1B). 
3.1.2. Anxiety 
A T-test for independent samples showed that there were significant differences 
between groups in the percentage of time the animals stayed in open and closed arms (t14=-
2.589, p=0.021; t14=2.661, p=0.019, respectively) (see Fig 1C-D). Moreover, isolated animals 
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had a lower number of entrances in arms than controls (t14=-2-255, p=0.041), showing a 
reduction in open arm entrances (t14=-4.912, p<0.001), but not in closed arm entrances (t14=0, 
p=1.000) (see Fig 1E).   
3.1.3. Spatial working memory 
The learning criteria were established on the second day in the C group. A statistically 
significant difference was found between the retention trial and the sample trial, (D1 (t7=1.121, 
p=0.299), D2 (t7=4.613, p=0.002), D3 (t7=3.449, p=0.011), D4 (t7=4.101, p=0.005) (see Fig. 
2A). However, the IS group only showed a reduction between the sample and retention trials on 
days 2 and 4, and so it could not establish solid learning (D1 (t7=1.993, p=0.086), D2 (t7=2.64, 
p=0.033), D3 (t7=1.278, p=0.242), D4 (t7=3.458, p=0.011) (see Fig. 2B). Furthermore, there 
were no significant differences in the sample latencies between groups (D1 (t7=0.829, p=0.421), 
D2 (t7=0.451, p=0.659), D3 (t7=-0.335, p=0.743), D4 (t7=1.874, p=0.082), whereas the IS group 
showed a statistically significant higher retention latency than the control group on day 4 
(t7=4.093, p=0.001), but not on day 1 (t7=-0.509, p=0.619), day 2 (t7=0.484, p=0.636), or day 3 
(t7=1.135, p=0.275) (see Fig. 2).  
3.2. C-Fos results 
The number of c-Fos positive nuclei was lower in the IS group than in the C group in 
the inflalimbic and prelimbic regions of the prefrontal cortex (IL: t10=3.08, p=0.012; PL: 
t10=4.697, p≤0.01), the shell substructure of the nucleus accumbens (T=56, n1=6, n2=6, 
p=0.004), and the ventral tegmental area (t10=2.919, p=0.015). These differences were not found 
in the dorsal hippocampus (CA1: t10=0.767, p=0.461; CA3: T=35, n1=6, n2=6, p=0.589; DG: 
t10=1.746, p=0.111) or the core region of the nucleus accumbens (t10=0.143, p=0.889) (see Fig. 
3).  
3.2. CO activity 
Densitometric analysis of COx activity reveals that the IS and C groups differ in cortical 
areas. The IS group showed lower activity in PL (t14=-5.015; p≤0.001) and IL (t14=-8.408; 
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p≤0.001). Furthermore, this group showed lower activity in CA1 (t14=-3.688; p=0.002) and 
VTA (t14=-5.574; p≤0.001). There were no differences between groups in the DG (t14=-0.752, 
p=0.464), CA3 (t14=-1.972; p=0.069), ACC (t14=-1.574; p=0.138) or ACS (t14=-1.963; p=0.07) 
(see Table 1). 
4. DISCUSSION 
The aim of the present study was to assess the effects of temporary adult social isolation 
on locomotion, anxiety, and cognition. Cognitive consequences of adult isolation were further 
examined by studying the cerebral function –through the exploration of c-Fos positive cell and 
COx activity- in specific brain limbic structures, after performing the spatial WM task. Most 
studies have focused on the effect of isolation in early developmental stages, whereas 
neurobehavioral implications in adult rodents have not been extensively examined. 
Loneliness in adulthood has been found to be a risk factor for physical inactivity [5]. 
Consequently, several studies have focused on deciphering rodent locomotion and exploration 
after a period of social deprivation. Some of them showed that isolation can cause a reduction in 
spontaneous locomotor activity during night–time [42], but others did not find these alterations 
[43]. No consistent results have been found in locomotor exploration in the open field test 
(OFT) either: some authors found higher exploration rates [23,43], but others revealed no 
differences [44,45]. In order to evaluate the motor function, we used the rotarod-accelerod test. 
Our results indicate that the IS group did not show an impairment in motor coordination or 
resistance to fatigue. To our knowledge, only one previous study used the rorarod test in 
isolated animals to test motor skills [46]. Their isolation procedure took place post-weaning, and 
they found worse performance. However, this protocol and ours are not comparable because the 
isolation occurred at different ages.  
Feeling lonely is a complex and unpleasant emotion that may result in several 
psychological alterations, such as anxiety and depression disorders or negative mood [10]. In 
animals, isolated housing can be associated with anxiogenic effects [47], which could promote 
AC
CE
PT
ED
 M
AN
US
CR
IPT
disruptions in the sympathetic nervous tone and the HPA axis [8]. Our results in the EPM 
indicate that the IS group shows a decrease in the time spent in open arms, thus showing  
anxiety-like behaviour by avoiding brightly lit open areas [39]. Our results agree with several 
social isolation studies that reported: anxiety-like behaviour after isolation in early stages of 
development [45,48–54], in adolescence [55–57], and also –but less described– in adulthood 
[22,47]. Moreover, chronic adult isolation reduced the duration of grooming and caused more 
urination and defecation [58]. Social deprivation is a potent emotional stressor, and it can alter 
the correct functioning of the immune and neuroendocrine systems [7]. Solitary housing in 
experimental studies can produce the “isolation syndrome”, characterized by 
hyperadrenocorticism, reduced body weight, and enhanced pain responsiveness, among other 
alterations [59]. More recent studies have found additional physiological alterations after social 
isolation periods: social disconnection may activate stressor-specific pathways and disrupt 
redox homeostasis [9], which can result in the release of glucocorticoids (GCs) and, thus, 
increase the liberation of reactive oxygen species, causing mitochondrial dysfunction [60]. 
Moreover, the prefrontal cortex and hippocampus are considered the higher centres of HPA axis 
control; therefore, an HPA axis dysregulation provoked by social discomfort may result in 
negative brain feedback control [61]. Additionally, social stress can lead to overproduction of 
nitric oxide, and it is associated with some pathological inflammatory processes [62], as well as 
decreased expression of brain-derived neurotrophic factor in adulthood in both the hippocampus 
[23,25,63] and PFC [23].  
Apart from emotional disturbances, social isolation can equally affect cognitive function 
[12,13,17,64]. Nevertheless, there are few studies investigating whether and how social 
isolation during adult periods affects cognition [25]. Our spatial WM task’s results revealed that 
temporary adult isolation can impairs the ability to retain in short term memory the location of a 
submerged escape platform effectively. Controls achieved the learning criteria on day 2 
meanwhile IS group where inconsistent in their execution, showing a weaker learning process. 
Moreover, IS animals needed more time than controls in the retention trial carried out the last 
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training day. The WM task has been defined as the capacity to temporarily holding and 
manipulate active information, as well as to use this information to guide decision-making. 
Thus, this cognitive process is required for successful execution of everyday tasks [26]. Our 
results are consistent with previous studies [53], although they used distinct isolating and 
working memory protocols. For this reason, this is the first study to demonstrate that temporary 
social deprivation during adulthood causes spatial WM impairment. In addition, this study 
demonstrates that the poor performance of the IS group was not due to a deterioration in their 
motor skills. To our knowledge, only one study found impairments in spatial WM following 
chronic isolation during adulthood. However, they used mice with a genetic predisposition to 
Alzheimer’s disease, which makes it clear that environmental manipulations –such as isolation- 
enhance cognitive alterations in susceptible subjects [65].  
It has been well established that the PFC is involved in WM processes [31]. This region 
is connected with the hippocampus [33], and together they are implicated in cognitive domains 
underlying this type of memory. c-Fos is commonly used as a brain activity marker [36]. We 
found that the isolated animals trained on the WM task presented a lower number of c-Fos 
labelled cells than the C group in the medial PFC (mPFC) areas (i.e., IL and PL). The reduction 
in c-Fos positive cells in the mPFC could be explained by inefficient acquisition of the WM 
task, previously described in other experimental models [66], showing that it is PFC-dependent 
[67]. It could be expected that, because as acute stress leads to activation of HPA axis [8], the 
subsequent release of GCs in PFC can affect WM processes [67,68]. Also, the corticotropin-
releasing factor, which is a peptide hormone mainly secreted in response to stress, impaired 
goal-directed actions, such as those required in WM performance [69]. Similarly, a previous 
study have found a decrease of Fos activity in post-weaning isolated animals in several regions, 
including cortical regions, thalamus, amygdala, hippocampus and striatum [70]. We also found 
lower number of c-Fos positive cells in VTA and ACS limbic regions. It has been reported that 
stressful events perturb not only PFC but also nucleus accumbens function: isolation during 
adolescence enhances dopamine levels in the accumbens and increases the reinforced effects of 
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drugs (reviewed by [71]). Moreover, accumbens has a key role in the meso-cortico-limbic 
pathway, being essential for memory processes [72]. In this sense, an altered dopaminergic 
system in the VTA-ACS-PFC network can explain our behavioural results. As we know, 
dopamine signalling in the PFC, hippocampus and striatum modulates the WM function [73]. 
Therefore, a disrupted brain activity in these areas can alter this pathway. Altogether, prefrontal, 
accumbens and VTA lower c-Fos activity can explain the worse WM performance by adult 
social isolated rats compared to controls in the last day of the task.   
With respect to COx analysis, we found similar results except for the ventral striatum, 
in which COx activity is similar between groups. This could be explained by the fact that COx 
histochemistry is a technique that shows accumulated neuronal response. Therefore, the 
inconsistent performance of the IS group in the WM task (sometimes well-performed while 
others not) is not reflecting an endurable metabolic dysfunction in a brain structure known to be 
involved in rewarding responses [74]. Both PFC and VTA were impaired not only in c-Fos 
expression, but also at metabolic level. Isolated animals showed a decreased metabolic activity 
in IL, PL, CA1 and VTA after the WM task. It has been reported that higher levels of GCs, that 
isolation may produce, cause mitochondrial dysfunction [9], that might lead to the altered 
neuronal metabolic activity found in these regions. The reduced metabolic activity in the areas 
mentioned above could be responsible for the poorest performance in the WM task, which is 
prefrontal-hippocampal dependent [75]. In addition, network oscillations between PFC-VTA-
hippocampus can be essential during WM task [75,76]. Post-weaning isolation during an 
extended period of time (8 weeks) induces several effects in brain function: a decreased in 
antioxidant capacity, a higher production of reactive oxygen species in PFC and hippocampus 
and decreased levels of glutamate [53]. 
 Our results are very similar to those of Shao et al., [53]. They also found anxiety-like 
behaviour and a poorer WM performance. However, in their study the animals were isolated in 
post-weaning meanwhile we separated them in the adulthood. This could reveal that social 
deprivation is such a potent psychological stressor that result in neurobehavioral changes in 
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several stages of life. Further studies need to clarify the molecular mechanisms altered after a 
period of social deprivation in adulthood. 
5. CONCLUSIONS  
Twelve weeks of social isolation in adult rats lead to different behavioural and brain 
alterations. Anxiety-like behaviour and working memory processes were impaired, motor 
functions were preserved. Regarding brain correlates, we found that isolated animals showed 
lower c-Fos activity in the PFC, ACS, and VTA, and less metabolic activity in the PFC, CA1 
subfield of the dorsal hippocampus, and VTA, related to weak performance on the spatial WM 
task.  
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Figure 1. Rotarod- accelerod test (A-B) and Elevated plus maze (C-E) results. (A) Bar 
charts represent time spent on the rod. (B) Bar charts represent rotation speed on the 
rotarod-accelerod test. There were no statistically significant differences between the 
groups. (C) Bar charts represent percentage of time spent in the open arms. (D) Bar 
charts represent percentage of time spent in the and closed arms. There were significant 
differences between the groups (* p<0.05). (E) Bar charts represent the number of 
entries in the arms of the elevated plus maze. There were significant differences 
between the groups in the total number of entries and open arm entries (* p<0.05). Data 
are represented as mean ± SEM. 
 
Figure 2. Mean escape latencies to platform on the spatial working memory test on days 
1 to 4 (mean ± SEM of sample and retention trials) in the C group (A) and IS group (B). 
There were significant differences between the sample and retention trials (* p<0.05 
sample vs. retention trial). There was a significant difference between the C and IS 
groups (+ p<0.05 C vs IS group).  
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 Figure 3. (A) Number of c-Fos-immunoreactive cells (c-Fos positive cells/mm2) present 
in prelimbic (PL) and infralimbic (IL) cortex, dorsal hippocampus (CA1, CA3, DG), 
nucleus accumbens core (ACC), and shell (ACS) and ventral tegmental area (VTA). 
There were significant differences between the groups in IL, PL, ACS and VTA (* 
p<0.05). Data are shown as mean ± SEM. (B-C) Representative photomicrographs 
showing sections of PL cortex that were immunostained for c-Fos protein from C (B) 
and IS (C) groups. Many immunopositive nuclei were observed in control rats, but less 
expression was noted in isolated rats. Scale bar is equal to 150 μm. 
 
 
Table 1 
 
COx values 
Structure Control Social isolated 
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IL 24.894±0.404 
 
19.695±0.468* 
PL 23.783±0.545 19.759±0.545* 
 
CA1 21.461±0.632 
 
16.381±1.224* 
 
CA3 19,627±0.442 
 
17.493±0.988 
 
DG 24.488±0.974 
 
23.329±1.195 
 
ACC 23.367±0.492 
 
21.838±0.837 
 
ACS 28.631±0.827 
 
26.246±0.89 
 
VTA 14.387±0.403 
 
10.322±0.608* 
 
 
 
COx values (mean ± SEM) in C and IS groups. Infralimbic cortex = IL, Prelimbic 
cortex = PL, CA1, CA3, Dentate Gyrus = DG, Accumbens Core = ACC, Accumbens Shell = 
ACS, and Ventral Tegmental Area = VTA. There were significant differences between the 
groups in IL, PL, CA1 and VTA (* p<0.05).  
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